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ABSTRACT 

By the middle of 2006, the Interferometry Technology dev t program for NASA’s 
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cinctly be described as a task in the suppression 
nion. The challenges for the requisite angular 

cm, working in the visible, is capable of resolving, for 
space telescopes have also demonstrated the ability to 
an detect objects as faint as 30th magnitude. It is the 
lar companion that makes this a challenging effort. 

favorable, a coronagraph in the visible and nulling interferometry at a 
r will describe the requirements that originate from an analysis of the 

subsequently detail 
approximate the anticipated on orbit conditions for the interferometer. 

To place our nulling activities in the wider context of the TPF project, we need consider the requirements 
necessary for the final interferometer mission. The mission is currently envisioned as a multiple aperture 
system. The beams are combined to create a very deep, achromatic null fringe over the star of interest, 
thereby reducing the flux relative to the planet. A second null fringe is created which is used to modulate 
the light from the planet. This modulation serves to remove systematic errors of the interferometer and the 
exo-zodiacal light. One can consider the major challenges as twofold: the first is the creation of the null 
fringe, and the second is the system level requirements. This talk will discuss in detail the challenges of 
achromatic nulling interferometery. The system will need to demonstrate the ability to do achromatic 
nulling of 10-6 over a 50% BW at cryogenic temperatures, for long periods of time, with rudimentary 



planet detection, and representative fluxes. Our approach to this ultimate goal is to first concentrate on a 
demonstration of deep and broad nulling at room temperature. This approach allows us to work on the 
challenges of nulling without the additional complications introduced by cryovac operation. We will be 
testing the challenges of the ultimate cryogenic nulling experiment by demonstrating key cryogenic nulling 
operations on a reduced scale. These tests will include a test of optical components and coatings, cryogenic 
actuation, mechanical mounting, and nulling operation. 

Once the warm nulling and cryogenic tests are complete, we’ll turn our full attention to the test of deep 
nulling over a broad band with rudimentary planet detection (two beam nulling vs. four) at cryogenic 
temperatures, with representative fluxes for long periods of time. This is called the cryogenic nulling 
testbed, (as opposed to cryogenic testing.) 

and cryogenic testing. 
Our discussions will follow along these lines. In order to demonstra 
ancillary tools, which we’ll describe in some detail. Finally, w 
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2.1. Introduction to nulling architectures 
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Fig. 1. A schematic of a constructive interferometer, and the output intensity as a function of path length difference. 



2.3. Phase-Plate architecture 

2.3.1. Discussion of the technique 

the center wavelength is still near T 

improved. This technique was initial1 strated in the visible. We 

Fig. 3. Layout of a single-glass phase plate nulling interferometer. 

2.3.2. Experimental results 
For a single glass phase plate of ZnSe, and band pass of 30%, we have demonstrated a null depth of greater 
than lo4. Our theoretical prediction of null performance for the same optical bandwidth predict a null of 
-30,000: 1 if the residual dispersion is the single limiting factor. 



Fig. 4. Experimental measurement of broadband nulling with a single-glass phase plate. 
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2.3.3. Future upgrades 
We are in the process of to achieve a theoretical limit in 

nt. The pieces are 
substrate about an 

axis orthogonal to th 

f the pupil. Each part of the pupil interferes with 
the pupil shear and rotation are well controlled. 

, and the limited knowledge of the index of refraction may 
the surfaces may also present an unacceptable level of 

2.4.1. Discussion o 
ensating dispersions, the 
light through focus, the 

beam acquires an achromatic field flip. This technique was first proposed and demonstrated by Jean Gay, 
et.al. with an instrument having the clever acronym CIA (coronagraphe interferential achromatique). 

2.4.2. Experiment Description 
Our implementation of this technique is illustrated in Fig. 5 ,  below. We include a pair of additional phase 
plates of the same material as the beamsplitters. These phase plates can be adjusted to remove the residual 
dispersion effects due to thickness mismatches between the split and beam recombination beamsplitters. 



2.4.3. Experimental 
Our preliminary resul low for a bandwidth of roughly 20%. We are 

. Likewise, our current setup uses a pinhole 
The experimental nulls are limited by the effect 
imperfect mode filtering on the output, but the 

Fig. 6. Preliminat. 
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results from the through focus testbed. 



2.4.4. Benefitsldrawbacks of the through-focus architecture 
The method, by its very nature, is broadband. In particular, if it were possible to develop a beamsplitter that 
cover’s the full TPF bandpass, then nulling could be done with a single device. However, producing a null 
even over a restricted portion of the band would give us great confidence in employing this method to 
cover the full band since most of the physics is captured by a handful of optics. 

Polarization is a known problem with this method. We use the parabolas in an off axis configuration in 
order to give us an unobscured pupil. The angle of incidence varies across the pupil creates a pupil- 
dependent change in the s-p phase delay. These effects can be balanced, on average, by the angle of 
incidence on the flat mirrors of the straight through arm. It can also be minimized by a judicious selection 
of focal lengths and off-axis distances. But, it can never be eliminated. 

The surface figure errors for powered surfaces can never be made to t 1 as a flat surface. That 

2.5. Periscope field flip 

2.5.1. Description of the technique 

the rotational shearing interferometer. The original 
attractive polarization balancing properties, use of flat 
that this technique has some asymmetry due to the ad 
also suffered from diffraction effects fro 
rooftops make physical contact). Due to t 
intrinsically achromatic. Thus a demonstrat the 7-17 um band for TPF 

e nulled with perhaps only 

Our latest version es a pair of 90 fold mirrors (one ‘s’ and one 

to remove the effects of residual dispersion 

iscrete components for the periscope elements that form the 
, they will be replaced with a single monolithic nulling 
omponent, will keep the rooftops permanently aligned. The 

Every surface in this configuration is planar, and is therefore easily fabricated to high quality. Perhaps the 
greatest difficulty with this method is that the input and output beams are non-coplanar. They are always 
perpendicular to each other. This could perhaps be mitigated with the addition of a couple of extra mirrors, 
but a system with the minimum number of surfaces is preferred. 

3. Cryogenic Testing 

3.1. Motivation 
The ultimate, on-orbit environmental conditions will be quite different from those present in the 
aforementioned room-temperature test. The expected temperature is in the neighborhood of 40K. To 



familiarize ourselves with the additional challenges of nulling at this temperature, we have a cryogenic- 
testing component of our activities. The testbed will examine survivability of components, opto-mechanical 
mounting, cryogenic actuation (both coarse and fine) and remote operation. However, the source and 
detectors will be at room temperatures. Therefore, flux from both the source and the background will be at 
levels much higher that those expected on orbit. 

3.2. Experiment description 
The layout for this system is shown in Fig. 7. It consists of three primary components: 1) the source, 2) the 
nulling interferometer (in cryogenic/vacuum environment) and 3) the detector assembly. We have decided 
upon the phase plate architecture for the initial tests. Only the interferometer will be exposed to the 
cryogenic environment, the other two will be at room tempera 
breadboard and the nulling breadboard will be constructed to allow qu into the cryogenicvac 
chamber via a set of pillow blocks and rails. The rails are a part of the niclvacuum chamber. 
The initial setup and testing will be done on the same set of rails, but 
we hope to do a system level test of the hardware in order to save 
system. Once all the benefits of room temperature operation has be 

Fig. 7. Layout of cryog 

architectures we’ve choose will allow us to demonstrate the 
ted in our ability to measure if we didn’t pursue a few, key, 
arc source, 2) laser metrology 3) active control 4) MIR 

The first four of these will be discussed in the following 
, owing to its development by another group at JPL. Our work 

et unless there are satisfactory 
and their importance cannot be 

minimized. 

4.2. Arc Source 
Broadband photons at lOum are hard to get. A typical infrared thermal source operates at 1500K. Although 
its possible to perhaps increase the temperature by a factor of two, the flux from say 8 to 12 pm will only 
experience an increase of roughly a factor of two as well. Most of the increase in the total output is seen at 
shorter wavelengths. In order to increase the photon flux, the temperature must increase by a large factor: 
roughly 10,000 - 11,000 K for an order of magnitude increase (assuming the emissivity stays constant). In 
this vein, development of a bright white light source is key to our demonstration of deeper nulls. 

Development of a novel arc source, based upon a source previously created at NIST, has been initiated. A 
typical arc source creates hot plasma between a pair of closely spaced electrodes. The plasma has an 
incredible temperature, but suffers from the lack of optical opacity. In our new source, two electrodes are 



still used, but, as demonstrated by NIST, the novel configuration allows us to view the arc longitudinally, 
thereby overcoming the transparent nature of the arc when observed transversally. 

Data from previously published data from the NIST source confirms that it does indeed act as a blackbody 
at 10,000K for wavelengths greater than 7 pm. Some care must be taken in the use of such a source owing 
to the high current and voltage levels for the arc, and the creation of ozone. We expect to complete this 
source in about six months. 

Fig. 8. Cross-section of the Argon arc source. 

4.3. Laser metrology 

However, during this integration, drifts in the 
to reduce detector noise. 
terferometer will only bias 

Laser metrology for 

in a couple of ways. Our phase meter has 
a FPGA, we are cutting the ties to the existing matured such t 

rtionately higher single sample resolution of 0.2 nm with 

done manually, and ve been created such that the need for active control is diminished. Terms 

and verified infrequently. Intensity matching and residual dispersion require more frequent measurement 
and control between experiments. Finally, path length and tiphilt control require monitoring and control 
during an experimental observation of deep nulls. 

In order to better understand our control needs, we have created, what we call, an alignment storyboard. It 
consists of several scenarios, each scenario broken down into discreet steps. Broadly, they are, pupil 
alignment, tiphilt alignment, intensity balance, fringe acquisition, residual phase measurement, and finally, 
the null measurement. In each step, the routine is to bring the step to a level that is quantifiable. This value 
is then compared to the amount deemed acceptable in the error budget. The system is actively controlled 
until it either moves onto the next step of the experimental observation sequence, or until it is unable to 
converge on the current step. The storyboard allows us to clearly identify all degrees of freedom, define the 



update rates for the control system, give the components unique identifiers that can be agreed upon and 
documented. The document forms the foundation of all our discussions on our system control. 

The control is implemented on a dual processor PC. One processor is dedicated to the real-time tasks, the 
other is charged with the mundane, non-deterministic processes associated with the operating system. 
These non-real time tasks include graphical display of the real-time routines. The system is inexpensive, 
with the real time costs only a fraction of the cost of a development seat on a VME system. The PC 
architecture opens a broad avenue of hardware options that is otherwise a limited in more historic real-time 
implementations such as VME. 

The most challenging requirement for the real-time system is that of laser metrology and closed-loop path- 

Detection Testbed, the result was a residual path length stability of sub 

4.5. Detector Development 

sensitive method of measuring the lowest null signa 
null signal. A single pixel of a arsenic-doped si1 
considered by many to be the detector of choice. A cry0 
these needs. The dewar shall provide the 
spatial mode filtering. It is currently on c 

4.6. Single-mode spatial filters 
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options. The benefits of 
Such devices do not exi 

documented in the literature. 
that is baseline for TPF. For 
. Several methods are under 

chalcogenide glasses. 

s are essential in our efforts to demonstrate deep 
end of the calendar year. 

rudimentary planet detection at the fain TPF-like fluxes for 
c temperatures (40K) with a null depth of 10-5 (and null 

Our preliminary design work for such a cryogenic nulling experiment is shown below. It employs a double 
sided breadboard with the source injection on one side, and the nulling interferometer on the opposite side. 
The path length and tiphilt metrology will proceed from source to detector and is therefore non-TPF-like. 

CONCLUSION 
Three different nulling architectures are being pursued to demonstrate the challenging requirements of 
nulling at the IO-' level with a 20% bandwidth. These room-temperature tests will occur simultaneously 
with initial cryogenic nulling tests that will demonstrate the fundamentals of nulling operations in the 
cryogenic environment. Results from these tests feed the ultimate test of the nulling for TPF. This system 
will demonstrate rudimentary planet detection, with simulated stellar and planetary fluxes that are traceable 
to those expected on orbit. 



We are well on our way to demonstrating the requisite nulling levels for a the planned TPF-I Mission. 
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